Train-induced vibration of steel truss bridges is one of the key issues in bridge engineering. This paper talks about the application of tuned mass damper (TMD) on the vibration control of a steel truss bridge subjected to dynamic train loads. The Nanjing Yangtze River Bridge (NYRB) is taken as the research object and a recorded typical train load is included in this study. With dynamic finite element (FE) method, the real-time dynamic responses of NYRB are analyzed based on a simplified train-bridge time-varying system. Thereinto, two cases including single train moving at one side and two trains moving oppositely are specifically investigated. According to the dynamic characteristics and dynamic responses of NYRB, the fourth vertical bending mode is selected as the control target and the parameter sensitivity analysis on vibration control efficiency with TMD is conducted. Using the first-order optimization method, the optimal parameters of TMD are then acquired with the control efficiency of TMD, the static displacement of Midspan, expenditure of TMDs, and manufacture difficulty of the damper considered. Results obtained in this study can provide references for the vibration control of steel truss bridges.
Introduction
As one of the most important infrastructures, railway bridge performs the role that maintains the transportation between two separated locations to overcome the space and terrain limitations. Due to the large gravity of trains and the requirement for bridge span, railway bridges usually demand much higher stiffness than highway bridges. On account of the superior characteristics of steel material and truss structure, the steel truss bridge exhibits the capability to cross wide rivers or canyons with light weight and enough stiffness to cope with train loads, vehicle loads, or both. Although the existing steel truss bridge has been equipped with sufficient capability for structural safety subjected to train loads, field tests in China, Japan, and Europe have indicated obvious dynamic responses exceeding that anticipated on certain small and medium span railway bridges [1] [2] [3] . The theoretical investigations validate the contribution of structural resonance arising from the moving of trains with high speed to this phenomenon [4] . When the train moves on a steel bridge with a high speed, the train-induced vibrations of the steel truss bridge will lead to the deterioration of passengers' comfort, the fatigue of steel structural component, the decrease of traffic safety accompanied by damage to the tracks, and the augment of maintenance cost. Therefore, some effective measures need to be carried out to suppress the vibrations of steel truss bridge subjected to dynamic train loads.
Since the 1970s, the tuned mass damper (TMD) has been introduced to protect the civil structures from suffering vibration-induced major damage because of its lateral motions [5] [6] [7] [8] [9] . TMD is a classical engineering device which consists of a spring, a mass, and a viscous damper. The simple structure of TMD brings about its obvious virtues of economical costing and installation convenience. TMD is considered to be sensitive to the frequency variation of structures, but the viscous damper can broaden its effective frequency ranges [10] . The existing researches and applications have proved that the TMD is an efficient approach 2 Mathematical Problems in Engineering to attenuate undesirable vibrations of a vibrating system, and it has already been extensively studied and applied to suppress structural vibrations induced by wind, earthquakes, trains, and so forth. As some typical examples, the wind tunnel and theoretical analyses by Xu et al. [11] verified the effectiveness of TMD in suppressing wind-induced tall building motions. Using the perturbation solutions, formulas related to designing the TMD attached to the single-degreeof-freedom (SDOF) system for various types of loading were proposed by Fujino and Abe in 1993 [12] . Aiming to dissipate earthquake input energy, Wong [13] investigated the energy transfer process of TMD in improving the ability of inelastic structures.
Although TMD has been extensively studied or successfully implemented for suppressing vibrations of structures due to environmental loadings such as wind and earthquakes, only a few researches have been conducted on applications of TMD in reducing the vibrations of bridges due to train loads, and the existing researches are mainly focused on simply supported reinforced concrete bridges with moderate or small spans [3, [14] [15] [16] . As for the long-span continuous steel truss girder bridge, the studies on vibration control of bridges subjected to dynamic train loads with TMD are fewer. The objective of this study is to apply TMDs with optimal parameters for suppressing vibrations of a steel truss bridge subjected to moving trains. With typical train axle loads, the parametric sensitivity analysis is conducted and the effectiveness of TMD for suppressing dynamic vibrations is examined based on a simplified train-bridge time-varying system. Taking account of the control efficiency, expenditure of TMDs, TMD-induced static displacement of the bridge, and the manufacturing difficulty of damping of different magnitude, an objective function for evaluating the control efficiency is proposed and the optimal parameters of TMD are finally determined with the first optimization method. The analytical procedure and results can provide references for the vibration control of steel truss bridge subjected to dynamic train loads.
Simplified Train-Bridge Time-Varying System
A bridge is possibly to suffer from different kinds of dynamic loads during its long-term service period, such as the vehicles, winds, and earthquakes. Compared with other dynamic loads acting on the bridge, the location of train loads on bridges is time-varying, which makes the dynamic characteristics of the train-bridge coupled system dependent on the location of train loads. Therefore, the resonance condition can only happen in a short moment and it is difficult to establish a clear correlation between the moving train loads and the bridge responses. To clearly identify the train-bridge time-varying system, some simplified models have already been proposed [17] [18] [19] [20] [21] . These simplified models provide the basis for further investigations on the train-bridge coupled system. In this study, a broadly used simplified model proposed by Kriloff in 1905 [18] is adopted to simulate the train-bridge time-varying system. The loads induced by train moving at a constant speed are simplified as a series of concentrated forces moving at the same speed. These concentrated forces locate at the junctions of wheels and the track. Considering the difficulty in solving differential equations with variable coefficients, the inertia forces of the train are neglected during the analysis.
Engineering Background
3.1. Bridge Description. The Nanjing Yangtze River Bridge (NYRB), as shown in Figure 1 , is a double-decked steel truss bridge across the Yangtze River. Since 1968, it has operated as a railway and highway combined bridge for 46 years. The upper deck of NYRB is employed as part of National Highway 104 in China with four lanes. The total width of the carriage way is 15 m accompanied by a 2.25 m wide walkway on each side. The lower deck of NYRB serves for railway transportation with a width of 14 m. Two pairs of parallel seamless railway tracks are installed on the deck so that the trains can move in opposite directions simultaneously. The main bridge is the combination of three continuous girder bridges and a simply supported bridge with a total length of 1568 m. Thereinto, three expansion joints are set at Piers 1, 4, and 7, respectively, to separate the three-span continuous girder bridges and the simply supported bridge. Each span of the continuous bridge is 160 m long and the length of the simply supported bridge is 128 m. The main girder is composed of the steel truss structure with stiffening chord members. Each segment for the main girder is 8 m with a height of 16 m and connections between each segment are mainly rivet joints. In this paper, the three-span continuous girder bridge between Piers 7 and 10 near Nanjing will be taken as the research object.
Simplified Model of Dynamic Train Loads.
The structural health monitoring system of NYRB [22] recorded a train moving at 70 km/h to cross the Yangtze River. The train is composed of two locomotives and eighteen carriages, as shown in Figure 2 . There are six axles on each locomotive and each axle weighs 22 tons which is evenly assigned to two wheels. All of the carriages work with four axles and each axle weighs 20 tons so that each wheel can transfer 10-ton weight to the bridge structure. In order to study the dynamic behaviour of the train-bridge time-varying system, the train herein is simplified as a series of moving concentrated forces with fixed intervals. The axle distance is detailed in Figure 2 and the unit for the distance is meter. The overall length of the train is 292 meters. In regard to the train loads, the concentrated forces are acquired by the axles loads multiplied by the gravitational acceleration of 9.8 m/s 2 . types of sections. With appropriate simplification, a spatial FE model of NYRB is established based on ANSYS [23] , as shown in Figure 3 . The main truss rods, track beams, and lateral connection systems are modeled by spatial beam element (Beam 4). And the pavement on highway surface and seamless steel rail, which have little contribution to structural stiffness, are simulated by mass element (Mass 21) imposed on the corresponding nodes of the truss bridge girder. To facilitate the exertion of axial forces, the track beam is partially refined in the mesh generation. The vertical, lateral, vertical-rotational, and longitudinal-rotational DOFs (degrees of freedom) are restricted at the four supports [24, 25] . In addition, the bearing between Side-span 1 and Midspan is restricted in longitudinal direction while the other directions are set free.
Finite Element Model and Its Application

Dynamic Characteristics of NYRB.
In order to acquire the natural frequencies and corresponding mode shapes of NYRB, a modal analysis is conducted and the first 200 modes are extracted with subspace iteration method. Table 1 lists the first 12 natural frequencies and corresponding characteristics. Among the first 12 structural modes, the lowest modal frequency is 1.0576 Hz which corresponds to symmetric vertical bending vibration of the whole bridge. The first lateral bending mode appears as the second structural mode of NYRB and this phenomenon reflects a relatively larger lateral stiffness than vertical stiffness existing in NYRB. All of the first three lateral bending modes exhibit the lateral vibration of only one span (Side-span 1, Midspan, or Side-span 2), which reveals the lateral vibration of each span has little influence on those of the other two spans. Similar to the lateral bending mode, the second and the third vertical bending mode shapes are the vibration of Side-span 1 and Side-span 2, respectively. The torsional vibration modes appear continuously from the seventh to the tenth structural mode. Specifically, the first three perform as symmetric or antisymmetric torsional vibration of the whole bridge accompanied by lateral bending vibration, while the fourth one performs as the torsional structural mode, respectively. Among them, the fourth one is the symmetric vertical bending vibration and the fifth one is the antisymmetric vertical bending vibration of the whole bridge. In the view of mode shapes, only the first and the fourth vertical bending modes dominate the vertical vibration of the Midspan while others have little influence.
Dynamic Responses of NYRB Excited by Train Loads.
Considering the functions of NYRB, two cases including single train moving at one side and two trains moving oppositely are analyzed in the train-bridge time-varying system. Thereinto, the second case describes a situation that two trains set off from the two sides of NYRB simultaneously and the time phase difference is not included in this study. During the transient dynamic analysis by ANSYS, the full method with intact system matrix is utilized and the Newmarktechnique is adopted to conduct the time integration. On account of the steel material employed in the construction of NYRB, the damping ratio of the whole structure is set as 2%.
Displacement Responses of the Bridge Span.
With transient analyses of the train-bridge time-varying system, the displacements in the middle of the spans are the most prominent. Table 2 lists the maximum displacement in the middle of each span of the two cases. Thereinto, the torsional displacement has been multiplied by half of the bridge deck width to unify the unit. As shown in Table 2 , the vertical displacement is the most prominent while the lateral and torsional displacements are much smaller. However, the maximum vertical displacement of the two cases does not surpass 0.06 meters and it is much smaller than one-thousandth length of the main span. Hence, the small maximum vertical displacement of the bridge span under the actions of moving trains reflects the strong vertical stiffness of NYRB. In order to reveal the difference of vertical displacement between static train loads and dynamic train loads, the displacement response of NYRB under static train loads is calculated. The static and dynamic vertical displacements in the middle of Midspan of the two cases are shown in Figure 4 . Since the train moves at a speed of 70 km/h, the train completely leaves the bridge after 42.79 s. As for the vertical displacements induced by static train loads and dynamic train loads, there is little difference between them during the whole procedure except for the time duration from 15.02 s to 24.69 s. At the moment of 15.02 s, the train is just completely landing on the bridge. And at the time of 24.69 s, the train begins to leave the bridge and the time of 24.69 s corresponds to the last moment that the whole train is on the bridge. During the time interval between 15.02 s and 24.69 s, the dynamic vertical displacement is fluctuant. However, in this period the deviation between the static and dynamic vertical displacements is still small. The detailed difference among the Mathematical Problems in Engineering 5 time interval has been amplified in the lower right corner of each figure. The phenomenon above has similar features with the analytical results by Chatterjee et al. in 1994 [21] . Due to the small vertical displacements induced by dynamic train loads, the displacement cannot be chosen as the target to conduct vibration control analysis.
Acceleration Responses of the Bridge
Span. An obvious difference between the static and the dynamic train actions is the excited acceleration response of the bridge structure by the dynamic train loads. The acceleration magnitude reflects the intensity of vibration of the whole structure, which is closely related to the deterioration of passengers' comfort, the decrease of traffic safety accompanied by damage to the tracks, and the augment of maintenance cost. The time histories of the acceleration responses in the middle of each span of two cases are shown in Figure 5 . As shown in Figure 5 , the overall trend reveals that the amplitudes of both lateral and torsional acceleration are much smaller than that of vertical acceleration in each span. Compared to Case 1, the vertical acceleration of each span increases prominently in Case 2. In regard to lateral and torsional accelerations, the differences between the two cases are not consistent. In the middle of Side-span 1, the amplitudes of both lateral acceleration and torsional acceleration increase a little in Case 2 compared with those of Case 1. In the middle of Side-span 2, obvious peak accelerations occur in the lateral and torsional time histories of Case 2, and the peak accelerations occur near the point of 16.5 s. As for Midspan, the lateral and torsional accelerations are counteracted to a large extent when two trains move oppositely on the bridge. The analysis above shows that the concentration should be paid to vertical acceleration of each span in this study.
In Case 1, the maximum vertical accelerations of Side-span 1, Side-span 2, and Midspan are 0.0520 m/s 2 , 0.0668 m/s 2 , and 0.1453 m/s 2 , respectively. In Case 2, the maximum vertical accelerations of Side-span 1, Side-span 2, and Midspan are 0.1027 m/s 2 , 0.1509 m/s 2 , and 0.3172 m/s 2 , respectively. From the peak accelerations above, it is easy to find that the acceleration in the middle of Midspan is much larger than that of Side-span 1 and Side-span 2; all of the vertical accelerations especially in Case 2 are so prominent that some measures need to be employed to suppress the dynamic train-induced vibrations of the bridge.
The vertical acceleration time histories of each span in Figure 5 are transformed into PSD (power spectral density) with Welch transformation [26] , as shown in Figure 6 . Though the dynamic loads are different in the two cases, the frequency-domain features are similar. The PSDs indicate that the vibration energy of the two cases concentrates around an exciting frequency of 2.761 Hz, which is in the neighborhood of the fourth vertical bending mode of NYRB. This phenomenon shows that the fourth vertical bending mode contributes most to the train-induced vibration of NYRB. Considering that the exciting frequency may be on the deviation of 2.761 Hz when the moving speed of the train changes, the fourth vertical bending mode is selected as the control mode in this study. Consequently, the TMD is designed to control the fourth vertical bending mode that dominates the vertical vibration responses of the train-bridge system.
Analysis of the Vibration Control
Effect of TMD
Layout of TMDs on NYRB.
For structures whose dynamic responses are dominated by one structural mode, the TMDs should be deposited near the amplitude of the corresponding mode shape. So the TMDs are attached to the center region of Midspan of NYRB, where the mode shape of the fourth vertical bending mode is the largest. For the nether deck of NYRB shown in Figure 7 , there are four track beams symmetrically arranged in the inner side for the moving of trains and two structural beam elements in the outer side to serve for the whole structure. The transverse beams are utilized to strengthen the integrity of the bridge structure with an adjacent distance of 8 meters. In order to guarantee the simplicity of the loading path, each TMD is hung at the joint of the longitudinal beam and the transverse beam. And three transverse beams in the central region of Midspan are selected to install the TMDs; thus 18 TMDs in total are employed to conduct the vibration control of NYRB. The detailed layout of TMDs on NYRB can be seen in Figure 7 , among which the red blocks represent the TMDs in Midspan.
Design Parameters for the TMD.
The TMD is a device with a simple structure and explicit working mechanism. It is made up of a mass block and a spring as well as a damper. The main contents for designing a TMD are connected to the mass of the block, the stiffness coefficient of the spring, and the damping coefficient of the damper. Two mechanical parameters including the natural frequency and the damping ratio are related with the above three variables. According to the working mechanism of the TMD, the natural frequency of the TMD is determined as the same with the frequency of the fourth vertical bending mode of NYRB. Meanwhile, the mass of a TMD has great influences on the vibration control efficiency. Therefore, the design parameters including the mass of the block and the damping ratio should be determined at first, while the other parameters can be determined when the two parameters are certain. The stiffness coefficient of the spring in the TMD can be calculated by [12, 27] 
where = the stiffness coefficient of the spring, = the mass of the block, and = the natural frequency of the TMD. The damping coefficient of the damper in the TMD can be calculated by
where = the damping coefficient of the damper and = the damping ratio of the TMD.
To reflect the control level of the TMD on the vibration of NYRB, a formula is proposed to quantify the control efficiency as
where = the control efficiency and and = the peak vertical acceleration in the middle of the bridge deck with and without TMD, respectively.
Finite Element Modeling of TMD.
Since there is no special element for modeling the TMD in ANSYS, the TMD is simulated by the combination of Mass 21 and Combin 14 [27, 28] in this study. The mass blocks of the TMDs are simplified into individual masses and simulated by the element Mass 21. Mass 21 is a single-node element with six degrees of freedom: displacements in the nodal , , and directions and rotations about the nodal -, -, and -axes, as shown in Figure 8(a) . A different mass and rotary inertia can be assigned to each coordinate direction. The spring and the damper in a TMD are simulated by the element Combin 14. The element is a uniaxial tension-compression element which has three DOFs at each node, as shown in Figure 8 (b). After the proper stiffness and damping coefficient are selected, the functions of the spring and the damper in a TMD can be accurately reflected.
Initial Static Displacement Induced by the TMDs.
The installation of TMDs will cause the changes of the overall layout of initial displacement of NYRB. The displacement variation of the center region of each span induced by the gravities of the TMDs with different masses accompanied by NYRB itself can be seen in Figure 9 . Thereinto, the displacement is linear to the mass of TMD, which manifests that the whole structure is still in an elastic state even when the mass block of each TMD weighs 45 t. The static displacement of each side-span decreases with the augment of the mass of TMD and the displacements of Side-span 1 and Side-span 2 are almost the same, which performs consistently with the structural features of three-span continuous girder bridge. The reduction in the initial static displacement of each side-span is beneficial for the whole structure, but the displacement of Midspan increases sharply with the augment of the mass of TMD. When there is no TMD installed on NYRB, the initial static displacement of Midspan is much smaller than that of each side-span. However, the initial static displacement of Midspan has exceeded that of each side-span when the block of each TMD reaches 40 t. Hence, the determination of the mass of TMD should consider its influence on the initial static displacement of Midspan.
Parametric Analysis on the Control Efficiency of TMD.
The mass of the block and the damping ratio are the unique design parameters that greatly influence the control efficiency of TMD on the train-induced vibration of NYRB. Thus the parametric analysis is conducted to quantify the control level of the two influential parameters. The control efficiency of vertical vibration acceleration versus the mass of TMD and the damping ratio of TMD can be seen in Figure 10 . In addition, the modal mass of the controlled mode is 4623.5 t.
As shown in Figure 10 , the control efficiency greatly depends on the mass of TMD. The control efficiency increases sharply with the augment of the mass of TMD when the weight of the block is less than 35 t. When the weight of the block is larger than 35 t, the growth rate slows down gradually. Meanwhile, the control efficiency will be enhanced by increasing the damping ratio, but the gradient is much smaller than that of the mass of TMD. With regard to the same parameters of TMD for the two cases, the entire control effect of TMD is slightly more prominent in Case 2 than that in Case 1.
In general, the increase of both the mass and the damping ratio has positive impacts on the control efficiency of TMD. It seems that a larger mass of TMD will give a better control performance, but the total mass is limited to the available budget and the augment of the mass will increase the initial static displacement of Midspan. Though the existence of viscous damper can suppress the sensitivity of TMD to the frequency variation of structures, the augment of the damping ratio will inevitably add extra difficulties to the manufacture of the corresponding damper. Therefore, the determination of proper mechanical parameters for a TMD should comprehensively take account of the control efficiency, the economical factor, the manufacture difficulty of the damper, and so forth.
Determination of the Optimal Parameters for TMD.
The parametric analysis reveals the relationship between the design parameters and the control efficiency of TMD, and the selection of design parameters is also closely related to the overall costs, the manufacture difficulty of the TMD, and the static displacement of Midspan. Hence, it is essential to search for an optimal combination of the design parameters to balance all the target factors. In order to realize the optimization in this analysis, the selection of design parameters is transformed into a multiobjective nonlinear optimization problem under constraints.
There are several techniques available to solve the constrained optimization problem [29, 30] . Among them the first-order optimization method is utilized to determine the optimal parameters of the TMD of NYRB. Considering the control efficiency, expenditure of the mass block, and the manufacture difficulty of the damper as well as the static displacement of Midspan, an objective function considering all the above factors is proposed. Then the optimization problem can be formed as follows:
where ( ) = the expenditure evaluating function proportional to the augment of mass of TMD, assuming ( ) = ; ( ) = the static displacement evaluating function linear to the augment of mass of TMD, assuming ( ) equals the value in Figure 9 ; ( ) = the manufacture difficulty function assumed to be exponential correlated with the damping ratio of TMD, assuming ( ) = 2 ; ( , ) = the control efficiency calculated as (3); 1 ( , ) = the control efficiency of Case 1; 2 ( , ) = the control efficiency of Case 2. Consider
The above procedure is carried out by using the optimization module (/OPT) in ANSYS and the first-order optimization method is applied to obtain the optimal parameters of TMD. The control efficiency is set beyond 20%. And the lower and upper bounds of the design parameters are the same as those in Figure 10 . In order to avoid the local minimum, the zero-order optimization method in the optimization module of ANSYS is employed to validate the optimization results in this study. The optimal parameters of the TMD which can satisfy the objective function are finally determined. Thereinto, the mass of TMD is set as 35 t and the damping ratio is quantified as 5%. Accordingly, the detailed optimal design mechanical parameters are calculated, as shown in Table 3 . Large stiffness coefficient and damping coefficient can be realized by the combination of multiple springs and dampers with the same parameters. 
The Control Effect of TMD with Optimal Parameters.
After the TMDs with optimal design parameters are installed on NYRB, a comparative study on the train-induced vibration with and without TMD is conducted. The vertical accelerations of each span with and without TMD of the two cases are shown in Figure 11 . As shown in Figure 11 , the vertical acceleration of Midspan is prominently decreased and the vertical acceleration of each side-span is reduced to a certain degree. For Side-span 1, the peak vertical acceleration has been reduced from 0. prominent contribution of the fourth-order vertical bending mode to the train-induced vibrations. In conclusion, the TMD with reasonable mechanical parameters can effectively suppress the vibration of steel truss bridge subjected to dynamic train loads.
Conclusions
In this paper, TMD is utilized to suppress the vibrations of a steel truss bridge subjected to dynamic train loads. The dynamic performances of the steel truss bridge when a single train moves at one side and two trains move oppositely are investigated. An objective function considering all the influential factors is proposed and optimal parameters of the TMD are obtained with the first optimization method. The following conclusions can be drawn accordingly.
(1) All of the vertical, lateral, and torsional maximum displacements of each span are small in the two cases. Relatively, the vertical displacement dominates the train-induced displacements of NYRB. The small structural displacements of the bridge under the actions of moving trains show the strong stiffness and sufficient capability of NYRB.
(2) As for the vertical displacements induced by static train loads and dynamic train loads, only a small difference exists between them during the whole procedure. Only when the train is wholly on the bridge, the dynamic vertical displacement fluctuates clearly. However, the deviation between the static and dynamic vertical displacements is still small in this period. Due to the small vertical displacements induced by dynamic train loads, the displacement cannot be chosen as the target to conduct vibration control analysis. (4) The control efficiency of TMD increases sharply with the augment of the mass of TMD when the weight of the mass block is less than 35 t. When the weight of the mass block is larger than 35 t, the growth rate of the control efficiency begins to become smaller. Meanwhile, the control efficiency of TMD will be enhanced by increasing the damping ratio, but the increasing gradient is much smaller than that of the mass of TMD. In general, the increase of either the mass or the damping ratio has positive influence on the control efficiency of TMD.
(5) Taking the control efficiency, expenditure of TMDs, TMD-induced static displacement of the bridge, and the manufacturing difficulty of damping of different magnitude into account, the optimal design parameters of the TMD are finally determined with the first optimization method. With the optimal design parameters, the peak vertical acceleration of each side-span is obviously reduced; the peak vertical acceleration of Midspan is decreased from 0.1453 m/s 2 to 0.0931 m/s 2 in Case 1 and from 0.3172 m/s 2 to 0.2049 m/s 2 in Case 2, and corresponding control efficiencies are 35.93% and 35.40%, respectively.
(6) The PSDs of vertical acceleration of Midspan reveal that the energy of structural vibrations near the exciting frequency (2.761 Hz) is effectively suppressed with TMD, which can also reflect the contribution of the fourth-order vertical bending mode to the train-induced vibrations. In conclusion, the TMD with reasonable mechanical parameters can effectively suppress the vibration of long-span steel truss bridge subjected to dynamic train loads.
